Millions in the world suffering diabetes mellitus depends on insulin therapy to control their blood glucose level daily. However, the painful daily injections they need to take could lead to other complications if it is not done correctly. To date, it is suggested by many researchers and medical doctors that the needles should be inserted at any angles of 90º or 45º. Nevertheless, this recommendation has not been supported by clinical or biomechanical evaluation. Hence, this study evaluates the needle insertion for insulin therapy to find the favourable angles in order to reduce injury and pain onto the skin. Finite element analysis was done by simulating the injection of three-dimensional (3D) needle model into a 3D skin model. The insertions were simulated at two different angles, which are 45ºand 90º with two different lengths of needles; 4 mm and 6 mm. This study concluded the favourable angle for 4 mm needle to be 90º while 6 mm needle was best to be inserted at 45º as these angles exerted the least maximum stress and strain onto the skin.
INTRODUCTION
There are approximately millions suffering from diabetes mellitus across the world [1, 2] . The numbers are increasing tremendously yearly and this issue raises great concern. Diabetes sufferers need insulin to stabilize their blood sugar level daily. For this, they require daily injections depending on the condition, some would need up to 4 injections a day. This invasive insulin delivery technique is the most common technique among diabetes patients as it is the first technique that has been created in history. However, this technique causes injuries to the skin and causes trauma to patients due to pain experienced [3] . Even though it causes pain, currently it is still the most dependable method of delivering insulin when compared to the non-invasive method [4] . This is because the non-invasive method is still new and its products are still not widely available in the market. Besides that, the correct injection technique is crucial in insulin therapy because it could cause life-threatening complications to the patient such as intramuscular injection and hypoglycemia. Intramuscular injection happens when insulin needle is inserted deeper than the subcutaneous layer. When insulin is delivered to layer deeper than this layer, insulin absorption is distorted [4, 5] .
Distortion of insulin absorption further raise the higher risk for patients to experience unpredictable fluctuation of blood sugar level and may experience hypoglycemia, a condition where there is excessive insulin delivered in the body causing blood sugar level of the patient to be extremely low [6] . Hence, to minimise pain and reduce injury to the skin, a correct needle insertion technique must be practised by patients to prevent further complications and at the same time to provide a better experience in insulin therapy. The angle of insulin needle insertion used by the patient is important in insulin therapy injection technique as the favourable angle of needle insertion minimise injury caused to skin and further prevent the over-penetration of the needle onto the skin. As far as the authors are concerned, the recommended angles are 45° and 90° [5, [7] [8] [9] . However, these recommendations are not supported by any biomechanical or clinical evaluation.
Some studies have been conducted to evaluate needle insertion for femoral vein catheterization in different angles, however, the evaluation of needle used in insulin therapy is still limited in the literature [10] . Furthermore, the research also stresses on different angles of needle insertion cause a different level of injury and pain to the skin. This is due to the use of the angle of needle insertion caused different forces such as stress and strain to the skin. Pain receptors [11] in the skin is highly affected by the changes of strain in skin and stress applied to it. Higher forces of stress and strain stimulate greater pain receptors in the skin causing patients to experience greater pain [11, 12] . Thus, the favourable angle of needle insertion for insulin therapy need to be evaluated to recommend the best angle for patients to minimise injury and pain while reducing risks of complications [12] .
The main objective of this study is to evaluate the favourable angle of needle insertion in insulin therapy by evaluating the maximum stress and strain of skin and needle model via finite element method [10] . Finite element method is a numerical method that can simulate the behaviour of human as well as other models [13] [14] [15] [16] . The study contributes to the angles of needle insertion used in insulin therapy biomechanically. The favourable angle of needle insertion would have the least stress and strain which minimises injury and pain experienced by the patients. Though there are various lengths of insulin needles ranging from 4 to 12.7 mm, the shorter needle was stated in some research studies to be most efficient in delivering insulin by minimizing damage to skin tissues [17, 18] . The injection technique questionnaire (ITQ) conducted in 2009 and 2017 reported the shift among insulin therapy patients to use shorter needles [19] . Hence this study utilised the shorter length of insulin needle as it is the most relevant needles used by patients. Skin thickness was reported in a study to be consistent in thickness in the range of 2 to 2.5 mm when ITQ was conducted among respondents with various age, race and BMI [19] . However, skin thickness differs when a different anatomical region is measured, for instance, the abdomen was observed to have the thickest subcutaneous layer from other regions [20] . The abdomen was the most common injection site used among insulin therapy patients [21, 22] . Apart from that, the coefficient of friction of skin also varies with different layers of skin due to the composition of structures in the different layers of the skin [23] . The 5-bevel tip needle design has the highest occurrence in research studies reviewed as it suggested to reduce the penetration force of the needle during insertion [24] . Through this study, it is hoped that the findings can help the patients by choosing a suitable angle in minimising the complications.
METHODOLOGY
To evaluate the maximum stress and strain of the skin and needle via the finite element method, the models must first be developed. The software that had been used in this study for developing a 3D model of skin are Mimics and 3-Matic (Materialise, Leuven, Belgium). It was used to model the skin while the development of needle had been done using Solidworks (Dassault Systèmes®, Vélizy-Villacoublay, France) and 3-Matic software. The simulation of the needle model insertion onto the skin model at different angles was conducted through finite element method that had been done using Marc. Mentat (MSC.Software, Santa Ana, CA) software.
Skin Modelling
Skin model was reconstructed from Computed Tomography (CT) images dataset of a normal healthy person that obtained from a previous study [25] . The ethical approval for this dataset was obtained from Hospital Tengku Ampuan Afzan, Kuantan, Pahang, Malaysia. In order to reconstruct the skin model, the CT images in DICOM format were imported to Mimics software where the thresholding value (Hounsfield unit) of the skin of abdomen region was ranging from -718 to -177. A segment of skin was developed through a masking process in Mimics software where the dimension of 3x3 mm was selected to simulate the needle insertion. The segmented skin was then reconstructed below the original layer with the average length of epidermis layer abdomen region among the Asian population which is 2.47 ± 0.42 mm [20] . Therefore, the thickness of the skin was set to 2.5 mm. Meshing process had been done manually for the connection of the two layers which were the skin and the epidermis layer [26] . When these were connected, a remeshing process was conducted to complete the 3D model for FEA analysis. Figure 1 shows the completed 3D model of the skin. 
3-D Modelling of Needle Model
The needle was modelled using Solidworks software where firstly a two-dimensional (2D) sketch of a circle with a diameter of 0.23 mm was drawn. Then, it was extruded to 4 mm and 6 mm length to form a three-dimensional (3D) cylinder of the needles. These two lengths of the needle were used in this study because it is the shortest length of an insulin needle. It should be noted that shorter lengths of insulin needles were proven to minimise penetration force onto the skin during needle insertion [27] . The inner diameter of 0.105 mm was set to make the needle hole. Furthermore, the tip of the needle was cut specifically to mimic the 5-bevel needle tip design. This tip design has 5 angles comprising a pair of the middle bevel, a pair of tip bevel, and a primary bevel as depicted in Figure 2 below. The needle was then exported and saved as an STL file. 
Fixation of Needle into Skin Model
The needle was assumed to be in 'tie' and its tip to be fully inserted into skin model according to Halabian et al. [10] as this would minimise errors during simulation of finite element analysis. In Mimics software, the needle and skin models were loaded as STL file. Then the needles were manipulated at two different angles which are 45ºand 90º. These two angles were chosen as it is the most relevant angles to be used by patients. Figure 3 below shows the fixation of the needle onto the skin at 45ºand 90º. Moreover, the positioned skin and needle model was then loaded in 3-Matics software where both models meshed for the mesh size of 0.12 [28] and the touching interface of the skin and needle was meshed using non-manifold assembly. The models were then split and exported as two models in Patran format. Both needles size of 4 and 6 mm were positioned at two different angles, 45ºand 90º. At the final stage of modelling, there were 4 models that have be analysed via finite element method. 
Finite Element Analysis
Patran files of skin and needle models were loaded in Marc.Mentat (MSC.Software, Santa Ana, CA) software. Different material properties of the models were described as in Table  1 . To simulate the needle insertion onto skin, a load was applied to the needle and the distal skin surfaces were fixed in all degree of freedom as shown in Figure 4 . Poisson's ratio 0.263 [29] 0.3 [10] Friction coefficient (µ) 0.5 [30] 0.12 [31] Boundary condition A 1N force was applied as in Figure 4 by using face load exerted on the free end part of the needle Bottom of the skin was set to fixed displacement in all directions. Figure 4 . Force applied at the proximal needle. This is applicable at both 45º and 90º of needle insertion. Figure 5 and 6 shows the maximum stress and strain of the skin models during insertion at a 45º angle while Figure 7 shows the contour plot of the stress of needle models. As comparing both sizes of the needle, it shown that the 6 mm length experience high stress (4.559 MPa) at the skin than the 4 mm size (4.248 MPa). Even though there were some differences in terms of stress distribution, however the different is small where the percentage change is 7.32%. A similar pattern has been demonstrated in the results of strain where the higher strain (1.355) observed for model 6 mm length. While for model 4 mm length, the strain is 1.143 in which 15.65% different with the highest one. For the stress at the needle models, size of 6 mm demonstrated the higher value (122.5 MPa) as compared with 4 mm size (96.4 MPa). Nevertheless, these values are not exceeding the ultimate strength of that material of stainless steel (800-900 MPa). The highest stress that obtained from 6 mm needle size is may due to the bending moment that occurred when the axial load was applied perpendicular to the top surface of the needle. The longest insulin tends to introduce higher bending moment and therefore the skin needs to sustain the load more. This situation leads to increasing stress distribution at the skin surface. Results for 90º angle insertion are illustrated in Figure 8 until 10. Figure 8 shows the contour plot of stress of skin model. The 6 mm length contributed the higher stress (4.971 MPa) as compared with the size of 4 mm (3.969 MPa). This results showed 20.16% different value. Figure 9 shows the contour plot of strain of skin model where the larger value was found at the model of 6 mm length (1.428) while the model of 4 mm showing 1.088 value in strain. As for the needle model in Figure 10 , it shows that the size of 6 mm length experienced higher stress (239.3 MPa) where at least 60% difference to that of model 4mm length. This results indicated that the use of 6 mm length for 90º insertion method should be taken seriously to avoid any complications to the patients. Although the value is still not exceeding the ultimate strength of that material, however, the findings showed this method of insertion is the worst. The stress distribution in the skin models illustrated that the insertion method at an angle of 45º can cause an irregular and approximately greater as compared to insertion method at an angle of 90º. Greater stress distribution may cause more pain receptors to be stimulated as there was greater area was affected by the stress. The different favourable angles indicated by the analysis of the skin model shows that 4 mm needle exerts a smaller force when it is inserted perpendicularly while longer needle exerts a smaller force when it is inserted at an angle of 45º. This could imply that there may be the threshold length of needle that can reduce the force exerted onto the skin when it is inserted at an angle as it splits the force. Hence, this gives a different perspective on the threshold length of needle that could reduce the force. The values of stress and strain could also be supported in the analysis of the needle model. Lowest stress and strain indicates the favourable angle of needle insertion. The favourable angle of needle insertion differs when the length of needle changes where 4 mm needle was the best length to be inserted at 90º and 6 mm needle should be inserted at 45º as inserting at these angles exerts the lowest stress and strain onto skin tissue. Hence, this would minimise injury and pain in the skin.
Finite Element Analysis of Needle Insertion Angle in Insulin Therapy

RESULTS AND DISCUSSION
Though the finite element analysis in this study can provide numerical predictions on the human body, however, there are some limitations and assumptions that have been applied throughout the simulation procedures. Firstly, the development of skin model was reconstructed from CT images dataset. As far as the authors aware, the use of CT images is suitable for screening hard tissue such as cortical and cancellous bone. For the development of soft tissue model, i.e. skin and muscle, it should be noted that the Magnetic Resonance Imaging (MRI) dataset is more suitable to be used. Secondly, we did not manage to conduct convergence study to determine favourable value of mesh size. This is due to limited resources of Random Access Memory (RAM) in the power computer in our laboratory. Therefore, the size of 0.12 mm was used in this study is based on a previous published article by Kim et. al [28] . Next limitation is that the surface area of skin was set 3x3 mm for needle insertion with 2.5 mm thickness that refer for the geometrical condition of the Asian population. The results obtained here is only consider this region as the other region may produce different von Mises stress and strain. The other limitation of this study is the region of skin where the abdomen region was selected. This region was used is due to the fact that the needle insertion was at the abdomen region. Therefore, these findings are conclusive to this region of interest. In addition, the behavior of skin was assumed to be in isotropic and homogenous material properties. To be noted, the skin is like to behave in hyper-elastic properties. In this study, the assumption of skin in isotropic and homogeneous properties was made due to the fact that there are no specific material properties found in the literature and due to limited resources of memory in the computer to simulate a complex model of hyper-elastic material. Therefore, future study should be done by considering the real nature of skin properties.
CONCLUSION
Insulin needle insertion techniques is one of the element that need to be considered for preventing skin injury to patients. The current study was conducted to analyse the different angles of insulin needle through a finite element method. From the findings, it can be concluded that the favourable angle for insulin therapy to be 6mm needle size as this illustrated the lowest stress and strain onto the skin. It is found that the value of stress (3.969 MPa) at the skin for 90º insertion technique is lower than other method with 45º (4.248 MPa) with similar diameter of needle (4mm). Therefore, it is hope that these findings will give an overview to the Diabetes patients to apply correct insertion technique in preventing any complications during the treatment.
